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Genomendary elements are deﬁned by their ability to block transcriptional activation by
an enhancer and to prevent the spread of active or silenced chromatin. Recent studies have increasingly
suggested that insulator proteins play a role in large-scale genome organization. To better understand
insulator function on the global scale, we conducted a genome-wide analysis of the binding sites for the
insulator protein CTCF in Drosophila by Chromatin Immunoprecipitation (ChIP) followed by a tiling-array
analysis. The analysis revealed CTCF binding to many known domain boundaries within the Abd-B gene of
the BX-C including previously characterized Fab-8 and MCP insulators, and the Fab-6 region. Based on this
ﬁnding, we characterized the Fab-6 insulator element. In genome-wide analysis, we found that dCTCF-
binding sites are often situated between closely positioned gene promoters, consistent with the role of CTCF
as an insulator protein. Importantly, CTCF tends to bind gene promoters just upstream of transcription start
sites, in contrast to the predicted binding sites of the insulator protein Su(Hw). These ﬁndings suggest that
CTCF plays more active roles in regulating gene activity and it functions differently from other insulator
proteins in organizing the Drosophila genome.
© 2009 Elsevier Inc. All rights reserved.Introduction
In eukaryotes, particularly in metazoans, a vast number of genes
and other genetic elements must share a linear DNA molecule
regardless of diverse structures and functional states. The regulatory
information of one gene could be located tens of kilobases away from
the promoter, thus raising the question of how regulatory speciﬁcity is
achieved. A growing body of evidence suggests that speciﬁc DNA
elements exist to organize the genome in order to ensure that the
proper long-range enhancer–promoter communication is selectively
facilitated, while inappropriate regulation is prevented. Chromatin
boundary elements, or insulators, are a class of regulatory DNA
elements that can block transcription activation when inserted
between an enhancer and a promoter. Insulators also provide
chromatin barrier function to prevent the spread of active or inactive
chromatin; in particular, the encroachment of heterochromatin into
active domains of expression (Dorman et al., 2007; Felsenfeld et al.,
2004; Gaszner and Felsenfeld, 2006; Wallace and Felsenfeld, 2007).l rights reserved.A number of proteins have been found to interact with and
function through insulators. Examples include CTCF in vertebrates
(Bell et al., 1999; Hark et al., 2000; Kanduri et al., 2000) and in Dro-
sophila (Moon et al., 2005), SuHw (Dorsett, 1993; Geyer and Corces,
1992), ZW5 (Gaszner et al., 1999), BEAF (Zhao et al., 1995) in ﬂies and
TFIIc in yeast (Noma et al., 2006). CTCF is one of the best-characterized
zinc ﬁnger-containing proteins, and is believed to interact with most
insulators identiﬁed to date in vertebrates (Kim et al., 2007), and with
at least one insulator in Drosophila, Fab-8 (Moon et al., 2005). The
enhancer-blocking function of CTCF is well documented. However, the
chromatin barrier function of insulators appears to involve other DNA
binding proteins, such as USP1 in the case of the HS4 insulator at the
β-globin locus (West et al., 2004).
Genetic and molecular studies of insulator proteins have provided
mechanistic insights into how these elements might function. In
cultured vertebrate cells the HS4 insulator of the β-globin locus
associates with CTCF, which has been shown to interact with
nucleophosmin, a nucleolar protein, resulting in a tethering of the
insulator to the nucleolus (Yusufzai et al., 2004). In Drosophila,
targeting of the Su(Hw) insulator to subnuclear compartments termed
“insulator bodies” near the nuclear periphery has been demonstrated
(Gerasimova et al., 2000). These studies suggest that large-scale
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in the nucleus via interaction of insulators with structural compo-
nents) may be an important component of insulator function. Other
studies suggest an alternative, but not mutually exclusive, possibility
that insulators may function by providing a promoter decoy to trap
enhancers, (i.e. insulatorsmimic features of promoters to interact with
enhancer elements), thus preventing an enhancer element from
activating its promoter (Chernukhin et al., 2007; Geyer, 1997).
Despite recent insights into insulator function, our views have
largely been limited to the actions of insulators within speciﬁc
chromosomal contexts. Recent studies from several laboratories have
provided direct evidence that the insulator protein CTCF may be
involved in organizing the genome into higher order structures in the
interphase nuclei (Dorman et al., 2007;Wallace and Felsenfeld, 2007).
For example, a modiﬁed Chromatin Conformation Capture (CCC)
technique has led to the discovery that CTCF is essential for inter-
chromosomal interactions between the Imprinting Control Region
(ICR) from the Igf2/H19 loci on chromosome 7 and Wsb1/Nf1 on
chromosome 11 (Ling et al., 2006). More recent studies have shown
that CTCF co-localizes with cohesins on the replication origin of KHSV
and on mouse chromosomes (Parelho et al., 2008; Rubio et al., 2008;
Stedman et al., 2008). Furthermore, CTCF and cohesins are both
localized in the ICR of Igf2/H19 loci and contribute to enhancer
blocking (Wendt et al., 2008). These studies, combined with the
recent evidence that large-scale organization of chromosomes in the
interphase nucleus is highly non-random, suggest that insulator
proteins may play an active, regulatory role in the functional
organization of chromatin in the nucleus.
In this study, we analyzed the CTCF protein-binding sites in the
Drosophila genome by Chromatin Immunoprecipitation followed by
tiling array analyses. (ChIP-chip). We found more than 3561 strong
binding sites (8-fold enrichment or higher of ChIP signals) and an
additional 8872 weaker but robust binding sites (4-fold or higher
enrichment). The ChIP-chip data allowed us to identify the Fab-6
insulator element from the Abd-B locus. In the genome-wide analysis,
CTCF is often found to be situated between closely positioned yet
differentially transcribed genes. Most importantly, CTCF binding sites
are highly enriched near the promoter region to the 5′ end of genes.
These results suggest that CTCF may play an important role in
regulating gene function and organizing the Drosophila genome.
Results
Drosophila ChIP-chip
Polyclonal antibodies were raised in rabbits against the C-terminal
158 residues of Drosophila CTCF (Covance Research Products). ChIPed
material from S2 cells was ampliﬁed and sent to NimbleGen for
hybridization to tiling arrays, which uses 50 bp oligonucleotide probes
with a median probe spacing of 97 bp to cover the entire 118.4 Mb
euchromatic region of the Drosophila genome (BDGP 2004 release 4)
and 20.3 Mb of heterochromatin (Release 3.2 BHGP). ChIPed DNA
fragments were in the range of 200–500 bp (data not shown).
Therefore, a labeled CTCF fragment is expected to hybridize with two
to four probes randomly arranged on the array. NimbleGen provided
the array hybridization data in three forms: signal intensity (raw)
data, scaled Log2-ratio data, and peak data. The processed peak data
ﬁles were generated from the scaled Log2-ratio data. Peaks were
detected by identifying four or more probes whose signals were above
speciﬁed cutoff values using a 500 bp sliding window. Peaks were
assigned a False Discovery Rate (FDR) to evaluate false positives.
Essentially, the lower the FDR, the more likely a peak corresponds to a
CTCF-binding site. Peaks with FDR scoresb0.05 represent the highest
conﬁdence protein-binding sites, and were designated by a red
colored bars (Fig. 1A). Peaks with FDR scores between 0.05 and 0.2
were designated by orange/yellow colored bars, and also correspondto protein binding sites. Finally, peaks with FDR scoresN0.2 were
designated by grey colored bars, and represent the lowest conﬁdence
protein-binding sites. We analyzed only the red peaks. The peaks vary
inwidth and height. Thewidth of a peak represents the relative length
of DNA to which labeled ChIPped fragments bind to consecutive
probes along the DNA. The height of each peak represents the ratio of
the experimental sample to input control. The peaks is divided into
three categories: 1× peaks correspond signals greater than 2-fold but
less than 4-fold enrichment above background; 2× peaks correspond
CTCF binding signals greater than 4-fold enrichment but less then 8-
fold; and 3× CTCF peaks are ChIP signals that are greater than 8-fold
above background. The data were extracted from scanned images of
each array, and represented in a scaled Log2 ratio. The ChIP-chip data
from a segment of the X chromosome was compared to polytene
staining using CTCF antibody. The major binding sites from ChIP-chip
appeared to correlate well with bands detected by immunostaining of
polytene chromosomes (Fig. 1C).
The Drosophila CTCF binding motif was identiﬁed by comparing
DNA sequences covered by all CTCF peaks obtained from NimbleGen
using sequence data from the Release 4 (Apr. 2004, UCSC version dm2)
assembly of the Drosophila genome (UCSD GoldenPath Server), and
the discriminatingmatrix enumerator (DME) algorithm by Smith et al.
(2005) and Kim et al., (2007). The Drosophila CTCF motifs spanning 8
to 15 base pairs were evaluated over all of the 12,433 sites using the
motifclass program from theCREADpackage (Smith et al., 2005, 2006).
The highest ranking motif with respect to relative error rate is the
width=11 motif. The eleven-residue Drosophila CTCF motif corre-
sponds to a subset of the twenty-residue human CTCF sequence
described recently, and is similar to a recent ChIP-chip study of the Adh
and BX-C regions (Holohan et al., 2007; Kim et al., 2007). We next
examined how the CTCF motif correlated with CTCF peaks. We
compared 1×, 2×, 3× CTCF peaks for the distances between CTCF
peaks and the nearestmotif within a 200 bpwindow. As shown in Figs.
1D, and 5D, in all three cases, a CTCF motif could be found at similar
frequencies within approximately 70 bp from the center of each peak.
CTCF interacts with multiple sites within the bithorax complex including
the predicted domain boundary Fab-6
Drosophila CTCF was ﬁrst identiﬁed by our previous study to
interact with the Frontabdominal-8 (Fab-8) element between the two
adjacent regulatory domains, iab-7 and iab-8 in the Abd-B region
(Moon et al., 2005). Mutations of CTCF binding sites disrupt CTCF
binding both in vitro and in vivo, resulting in the loss of enhancer
blocking in transgenic embryos. Consistent with these results, our
ChIP-chip analysis shows a strong peak in the position of Fab-8, while
no detectable binding is observed in the surrounding region (Fig. 1A).
In addition, CTCF binding is detected in other domain boundaries
within the Abd-B locus including Fab-6 and MCP. Two strong peaks of
CTCF were also detected in the 5′ end and in a region near the Abd-B
promoter. The ChIP-chip results were conﬁrmed by conventional ChIP
and EMSA (Figs. 1A, B), thus the CTCF peaks in Abd-B locus correspond
to authentic in vivo interactions. These ﬁndings suggest that CTCF
plays an important regulatory role in organizing the Abd-B locus.
CTCF is essential for the enhancer blocking activity of the Fab-6 insulator
at the Abd-B locus
The Bithorax gene complex consists of three homeotic genes, Ul-
trabithorax, abdominal-A and Abd-B, which organizes the develop-
mental program of thoracic and abdominal segments (Duncan, 1987;
Lewis, 1978). The Abd-B gene contains four segment-speciﬁc regula-
tory regions that are separated by domain boundary elements
(Duncan, 1987; Karch et al., 1985; Maeda and Karch, 2006; Mihaly et
al., 2006). Supporting this hypothesis, MCP, Fab-7 and Fab-8 have
been identiﬁed and characterized in terms of enhancer-blocking
Fig. 1. ChIP-chip analysis of CTCF targets in the Drosophila genome. (A) Validation of ChIP-chip results by conventional ChIP. The major CTCF peaks in the Abd-B region are conﬁrmed
by ChIP. Lane 1 iab-4 region; lane 2 region upstream fromMCP, lane 3MCP; lanes 4–6, Fab-6 fragments; lane 7 Fab-8; lane 8 Abd-B promoter. (B) EMSA test of CTCF binding to Fab-6.
Three overlapping 100 bp DNA fragments from Fab-6c (Fab-6c1, Fab-6c2 and Fab-6c3) were used for EMSA. Only the CTCF motif-containing fragment displayed binding to CTCF. (C)
Polytene staining of a segment of the X chromosome (1A to 4F) shows that CTCF band corresponds with the major peaks in ChIP-chip analyses. (D) The Drosophila CTCF consensus in
ﬂies is a subset of human CTCF consensus. Diagram of Drosophila and human CTCF is shown below.
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boundary (Maeda and Karch, 2006; Mihaly et al., 2006). To identify
the Fab-6 insulator, we characterized a 2 kb DNA sequence containing
CTCF sites, which was subsequently tested in an enhancer blocking
assay in early Drosophila embryos (Figs. 2A, B).
Two divergently transcribed reporter genes, white (w) and lacZ,
and embryonic enhancers PE from the twist gene (Jiang et al., 1992)
and IAB5 from the Abd-B gene (Busturia and Bienz, 1993) were
inserted into a transgene (Fig. 2A). The PE enhancer activates reporter
gene expression in the ventral region of the 2 to 4 h-old embryos,
while the IAB5 enhancer activates reporter gene expression in a
vertical banding pattern in the posterior third of the embryos. When a
control spacer is inserted, the two enhancers direct additive
transcription activities. However, when an insulator element is
inserted between the two enhancers, only the proximal enhancers
activate transcription. For example, if an insulator were inserted, PE
would only activate the w promoter, while IAB5 would only activate
the lacZ gene. The normal IAB5-w interaction and PE-lacZ interaction
would thus be blocked when an insulator is inserted. When the 2 kb
Fab-6 is inserted, enhancer blocking is observed (Fig. 2B). We next
dissected this region into three 1 kb overlapping fragments (a, b, c) and
tested each fragment in the transgene. As can be seen in Figs. 2C–E,
only one of the fragments, Fab-6c shows enhancer-blocking activity.Compared to Fab-8, Fab-6 exhibits a weaker enhancer blocking
activity in the early embryos (data not shown). The 1 kb Fab-6c
contains two CTCF binding sites and includes a peak of CTCF binding in
the ChIP-chip analysis. CTCF binding was conﬁrmed both by
independent ChIP (Fig. 1A) and by EMSA (Fig. 1B), strongly suggesting
that CTCF is the insulator-binding protein associated with Fab-6.
Fab-6 insulator functionwas also tested using an enhancer-blocking
assay using a vector that contains GFP, RFP and a constitutive PE
enhancer (Fig. S1A). We then inserted the insulator DNA containing
either Fab-8 or Fab-6 between the PE enhancer and the GFP promoter.
When Drosophila S3 cells were transfected with these plasmids
containing either Fab-8 or Fab-6 insulator, the PE enhancer was found
to activate the leftward transcribed RFP gene but only moderately
activate the rightward transcribed GFP gene. As a result, the merged
image showedmostly red cells, suggesting that both of these elements
block the enhancer–promoter interaction in the plasmid (Fig. S1C, D).
We also tested a 1 kb region near the Abd-B promoter containing the
CTCF binding signal based on ChIP-chip experiment (Fig. 1A). Post
transfection, both GFP and RFP are expressed to a similar extent,
suggesting that the Abd-B promoter element does not block enhancers
in this context (Fig. S1E). These results suggest that CTCF is essential for
the enhancer-blocking activity of the Fab-6 and Fab-8 insulators, and
that CTCF may play an important role in organizing the Abd-B locus.
Fig. 2. Identiﬁcation of the Fab-6 insulator. (A) Transgene construct for detecting insulator activity. It consists of divergently transcribed w and lacZ genes, PE enhancer from twist
gene and IAB5 from Abd-B. Test DNA is inserted between the two enhancers. (B) The 2 kb DNA from Fab-6 region effectively blocks enhancer–promoter interactions, as both IAB5–w
and PE–lacZ interactions are blocked. (C) Fab-6a fragment exhibits no blocking activity as IAB5 activates w and PE activates lacZ. (D) Fab-6b does not block enhancer activity, similar
to panel C. (E) Fab-6c fragment blocks the PE enhancer from activating lacZ and attenuates the IAB5–w interaction.
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The enhancer blocking activity of insulators demonstrated both in
vitro and in vivo. suggests that these elements might be located
between closely positioned genes in the genome, especially genes
that are either spatially or temporally divergent. A survey of the ChIP-
chip data reveals that this is often the case. Fig. 3 provides two
examples: in the ﬁrst (Fig. 3A), CTCF binds between β amyloid
protein precursor-like (Appl), the Drosophila orthologue of human
gene implicated in Alzheimer's disease (Torroja et al., 1999), and an
uncharacterized transcript CG4293. Expression data from Affymatrix
shows that Appl is expressed in the embryo after 6 h of developmentFig. 3. CTCF exists between closely positioned, divergently transcribed promoters. (A) CTCF in
ChIP enrichment. Cytobands highlight positions of cytological band and boundaries deﬁned
laying. Appl, rightward transcribed Appl gene. CG4293, leftward transcribed undeﬁned trans
transcription start site. (C) Expression of bcd and Ama in different embryonic stages. Bcd is
after stage 4 (image courtesy of Flybase http://ﬂybase.org/).while the CG4293 is likely maternally loaded and is transcribed in
early embryogenesis (Fig. 3A). A strong CTCF peak is seen between
the divergently transcribed promoters. Interestingly, the CTCF
binding coincides with the boundary between cytological bands
1B8 and 1B9. In the second example, CTCF is situated between the
leftward transcribed bicoid (bcd) (Lawrence, 1988) and the rightward
transcribed Amalgam (Ama) gene (Seeger et al., 1988) (Fig. 3B). bcd
is a member of gap genes required for early patterning along the
anterior–posterior axis. bcd RNA is maternally loaded into the
embryos and is restricted in the anterior of the early embryo
(Lawrence, 1988) (Fig. 3C). In contrast, Ama is a ligand for the
transmembrane receptor neurotactin and is required for neurotactin-teracts with a region between Appl and CG4293. 1×, 2× and 3× indicate 2-, 4- and 8-fold
on polytene chromosomes. Affy data sets denote transcripts at different times post egg-
cript (Flybase http://ﬂybase.org/). (B) CTCF binds strongly between bcd and Ama. TSS,
maternal and can be detected between stages 1–6, while ama is zygotic and expressed
Fig. 4. Genome wide distribution of CTCF binding sites. (A) Distribution of 1× CTCF signal (red) vs. random distribution (yellow) on chromosome 3R. The pattern shows highly non-
randomdistribution. Genes are shown in blue. (B) Similar distribution of 3× CTCF signals. (C) Percent of 2× CTCF signals in each region of the gene. (D)Distribution of 3× CTCF signals in
different regions of thegene. (E) Stacking analyses showing thedistribution of 3×dCTC (top) and2×CTCF near transcription start sites (TSS) in a 6 kbwindow. In these analyses, eachTSS
is taken togetherwithCTCF binding information in the nearby 6 kbDNA and is collected and stacked together. The peaks in the center, around3 kbposition, indicate the close association
of CTCF with promoters. Note that the predicted Su(Hw) binding site does not show such a trend. In contrast, fewer binding sites near the TSS are observed.
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expressed during embryogenesis and is localized to the dorsal region
and ventral neural ectoderm of the embryo (Fremion et al., 2000)Table 1A
Distribution of CTCF binding sites in different regions of genes
CTCF signal strength 3× (8-fold enrichment)
Total recorded sites 3561
# of sites # of non-overla
CTCF sites overlap with TSS 710 656
CTCF sites overlap with 3′ 170 386
CTCF sites overlap with exons 193 235
CTCF sites overlap with introns 986 14,196
CTCF sites overlap with intragenic 1502 22,134
Count
CTCF sites near TSS with motif 389
CTCF sites near TSS without motif 321
Intronic CTCF sites with motif 525
Intronic CTCF sites without motif 461
Genome-wide distribution of CTCF sites in different regions of genes. Distribution of 2× CTCF
last exon), and intergenic regions were calculated. Table 1 shows strong enrichment of CTCF
group of CTCF sites. No obvious differences were observed among different groups.(Fig. 3D). These binding patterns of CTCF imply that CTCF insulators
may be necessary to separate neighboring genes that are differen-
tially regulated.2× (4-fold enrichment)
12,433
p 500 bp bins # of sites # of non-overlap 500 bp bins
1794 1540
669 1245
565 588
3964 32,426
5442 51,626
% Count %
54.79 947 52.79
45.21 847 47.21
53.25 2034 51.31
46.75 1930 48.69
signals within the promoter (−500 bp to ﬁrst exon), exons, introns, 3′ of the gene (the
binding sites near the TSS, and also lists the frequencies of CTCF binding motif in each
Table 2A
Comparison between TSS and 2× CTCF peaks
Chromosome Length of
chromosome (kb)
Total # of TSS
regions
Length of
TSS (kb)
Total #
CTCF peaks
# found in
TSS regions
# of TSS
regions
Expected #
if random
Ratio observed/
expected
Chr X 22,224 1690 2762 2546 614 221 316 1.94
Chr 4 1282 72 120 105 19 11 9 1.93
Chr 2L 22,408 1847 3083 1944 463 198 267 1.73
Chr 2R 20,767 1956 3345 1596 411 204 257 1.59
Chr 3L 23,719 1980 3314 2801 605 236 390 1.54
Chr 3R 27,905 2504 4201 3114 814 268 468 1.73
Total 118,357 10,049 16,825 12,101 2926 1138 1720 1.70
Genomic features comparison. The total numbers of each of the two values compared were given. The window size is 1500 bp. When both values, for example TSS and 2× CTCF, were
found within the same 1500 bp region, it is counted as found. The total number found was compared to an expected number if the two values are unrelated. The ratio of found vs.
expected is given in the last column. A value of 1.0 is considered as no association. The table shows strong association between TSS and 2× CTCF.
523S.T. Smith et al. / Developmental Biology 328 (2009) 518–528CTCF interacts with the promoter proximal regions
The whole genome wide distribution of CTCF signals was plotted
using a 100,000 bp sliding window with the number of CTCF
signals and genes in each window represented on a graph. An
example of chromosome 3R is shown in Fig. 4 in either 1× (2-fold
enrichment, Fig. 4A), or 3× peaks (8-fold enrichments, Fig. 4B),
which shows that CTCF distribution is highly non-random. To gain
speciﬁc insight into CTCF distribution, we then analyzed the
numbers of CTCF binding sites (2× vs. 3×) that localized to each
region of the gene. The regions that were examined were as
follows: promoter (−500 bp to ﬁrst exon), within exons, within
introns, 3′ end of the gene (deﬁned as the last exon), or within
intergenic regions (Figs. 4C, D).
First, we found signiﬁcantly higher numbers of CTCF binding near
TSSes and exons as compared to the other gene regions. For example,
of 3561 3× CTCF binding peaks, 710 are situated near the promoter in
656 non-overlapping 500 bp bins (Table 1). This is supported by
stacking analyses of CTCF against transcription start sites (TSS),
which showed a signiﬁcant correlation (Fig. 4E and Table 1).
Interestingly, the strong bias of CTCF binding to promoter regions
is speciﬁc to CTCF and not to another well-characterized insulator
protein, Su(Hw) (Fig. 4E, Table 2B) (Ramos et al., 2006). To
determine the relative CTCF binding distribution to TSSes, we plotted
the CTCF binding from −2,000 to +3,000 around the TSSes. As can
be seen from Fig. 5A, CTCF binding is concentrated approximately
200–300 bp upstream of the TSS.
It is possible that many of the CTCF binding sites near the promoter
may represent examples where insulators are necessary to separate
two closely positioned promoters. To test this possibility, we searched
the upstream region of all 1×, 2× and 3× CTCF bound promoters for
the nearest neighboring gene promoter (again, deﬁned as the
sequence between −500 bp to the ﬁrst exon). We then randomly
selected the same number of non-CTCF-bound promoters and
conducted the same search. The results for 1× CTCF are shown in
Fig. 5B (results for 2× and 3× CTCF are shown in Fig. S2A and S2B).
There is a larger number of promoters from neighboring genes presentTable 2B
Comparison between TSS and predicted Su(Hw) binding sites
Chromosome Length of
chromosome (kb)
Total # of
TSS regions
Length of
TSS (kb)
Total #
Su(Hw
Chr X 22,224 1690 2762 558
Chr 4 1282 72 120 20
Chr 2L 22,408 1847 3083 493
Chr 2R 20,767 1956 3345 446
Chr 3L 23,719 1980 3314 485
Chr 3R 27,905 2504 4201 623
Total 118,357 10,049 16,825 2625
Genomic features comparison. The total numbers of each of the two values compared were g
found within the same 1500 bp region, it is counted as found. The total number found was c
expected is given in the last column. A value of 1.0 is considered as no association. For TSSwithin 1 kb upstream from a CTCF-bound promoter compared to the
random group, while from 1 kb upstream to 5 kb upstream, the chance
of ﬁnding a promoter element in the CTCF-bound promoter group is
signiﬁcantly less compared to the control group. For example, 365
neighboring TSSs were found within 1 kb of a promoter that is bound
by 2× CTCF signal as compared to the 293 in control group (Table S1).
But when the regions between 1 kb upstream to 3 kb upstream were
examined, the numbers are 192 and 227, respectively. When the same
analysis is done with 3× CTCF signals, 170 TSSes were found to be
within 1 kb of a 3× CTCF-bound promoter as compared to the control
group of 136. Between 1 kb to 3 kb upstream, the number becomes
65 and 113, respectively. At all three signal strengths (1×, 2× and 3×),
the CTCF-bound promoters tend to have more neighboring TSSes
located within only 1 kb away upstream, but are less likely to have
such TSSes between 1 and 3 kb upstream. This trend strongly
suggests that at least one function of promoter-interacting CTCF
peaks is to separate two closely positioned genes (promoters that are
within 1 kb of each other).
However, the unusually high level of CTCF overlap with the
promoter may not be explained solely by insulator function. For
example, only a small fraction of the CTCF bound promoters have a
nearby neighboring promoter located upstream. Of the 796 3× CTCF
peaks bound directly adjacent to a promoter, only 170 are there
ostensibly to separate closely-positioned promoters. In addition, the
distribution of predicted Su(Hw) insulator sites does not show such a
bias towards promoters (Fig. 4E, Table 2B) (Ramos et al., 2006). Thus,
it might be possible that not all CTCF binding upstream of a promoter
function as insulators. Some of the CTCF binding sites might have
novel regulatory functions.
Under this scenario, it is possible that some of the CTCF may have
been recruited to the promoter region by indirect means. A recent
report suggests that CTCF interacts with Pol II, thus it is possible that
some of the CTCF binding to promoters may be due to recruitment by
Pol II (Chernukhin et al., 2007). If CTCF were recruited by PolII, we
would likely observe a lower occurrence of the CTCF binding motif at
promoters as compared to the occurrence of the CTCF binding motif
at other genomic regions (i.e., intergenic, intronic, etc.).To test this,) sites
# found in
TSS regions
# of TSS
regions
Expected #
if random
Ratio observed/
expected
60 58 69 0.86
3 3 1 1.6
73 67 67 1.07
73 72 71 1.01
64 61 67 0.94
84 81 93 0.89
357 342 373 0.95
iven. The window size is 1500 bp. When both values, for example TSS and 2× CTCF, were
ompared to an expected number if the two values are unrelated. The ratio of found vs.
and predicted binding sites of Su(Hw), no association is observed.
Fig. 5. CTCF binding near promoter regions. (A) Density of CTCF signals plotted near the promoter. All three levels of enrichment show the same trend of peaking just a few hundred
base pairs upstream of the promoter. (B) The positions of the closest neighboring TSS located upstream of gene promoters is analyzed for CTCF-bound promoter and non-CTCF-bound
promoters. The different numbers of such neighboring promoters are plotted according to the distance from the CTCF-bound promoter (hollowblack rectangle). Promoters that do not
have CTCF signals bound to them are represented by blue rectanglewith gray ﬁll.When the two groupswere superimposed, the ﬁrst group clearly hadmore promoters located nearby.
(C) The relative distance of CTCF bindingmotif from an actual peak for intronic CTCFand promoter CTCF. (D) The relative distance between CTCF binding signal and CTCF bindingmotif
for different signal levels.
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compared the frequency of this motif with that of intronic CTCF
binding sites. Table 1 shows that the promoter-binding CTCF sites do
not have a lower percentage of sites that contain the CTCF motif than
do intronic CTCF binding sites. In contrast, promoter sites even have a
slightly higher percentage of CTCF motif than the intronic CTCF
binding sites (54.79% vs. 53.25%) (Table 1) when 3× binding sites are
analyzed. When 2× CTCF binding was examined, the percentages ofthe binding sites with the CTCF motif are similar for the promoter
associated CTCF and the intronic CTCF (52.79% vs. 51.31%) (Table 1).
We also calculated the distribution of CTCF motif relative to CTCF
peaks for both promoter binding CTCF sites and intronic CTCF sites.
We found no major differences between the two groups (Fig. 5C),
thus the two are directly comparable. These ﬁndings suggest that the
increased incidence of CTCF binding to promoter regions is not due to
indirect recruitment.
Table 2C
Comparison between noncoding RNAs and 2× CTCF peaks
Chromosome Length of
chromosome (kb)
Total # of noncoding
regions
Length of noncoding
DNA (kb)
Total # CTCF
peaks
#found in noncoding
regions
# of TSS
regions
Expected #
if random
Ratio Observed/
expected
Chr X 22,224 44 101 2546 19 6 11 1.64
Chr 4 1282 0 0 105 0 0 0 0
Chr 2L 22,408 103 226 1944 21 12 19 1.06
Chr 2R 20,767 87 227 1596 16 11 17 0.91
Chr 3L 23,719 75 158 2801 22 8 18 1.18
Chr 3R 27,905 89 238 3114 76 23 26 2.86
Total 118,357 398 951 12,101 154 60 97 1.58
Genomic features comparison. The total numbers of each of the two values compared were given. The window size is 1500 bp. When both values, for example TSS and 2× CTCF, were
found within the same 1500 bp region, it is counted as found. The total number found was compared to an expected number if the two values are unrelated. The ratio of found vs.
expected is given in the last column. A value of 1.0 is considered as no association. Association between CTCF and ncRNA is shown here.
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extends to noncoding RNA (ncRNA) genes particularly small noncod-
ing RNAs (snRNA) and tRNAs. It should be noted that the majority of
ncRNAs do not have a recognizable TSS. However, due to the small size
of most ncRNAs, the binding of CTCF at or near an ncRNA would be
considered at or near its promoter as well. From 398 noncoding RNA
genes, we found 154 that contain CTCF binding at close proximity to
the transcription start site (from −1000 bp to +500 bp), which is
1.58 times that of what is expected if the distribution was random
(Table 2C). For tRNA genes, 67 of 172 are located near CTCF binding
sites (Table 2D). Although many of the CTCF binding sites could serve
as insulators that separate these noncoding genes from neighboring
coding genes, some of these are well separated from nearby genes but
still strongly interact with CTCF.
Discussion
In this study, we conducted a genome-wide analysis of the
interaction sites of the Drosophila insulator protein CTCF. We observed
that CTCF is biased towards genes and strongly prefers the 5′ promoter
proximal region of genes. In gene-rich regions, CTCF is often found
between divergently transcribed genes. In the Drosophila Abd-B locus,
CTCF interacts with all predicted domain boundaries except Fab-7.
Based on the ChIP-chip data, we identiﬁed a 1 kb Fab-6 boundary in
enhancer blocking assays. These results support the role of CTCF as an
insulator protein, and suggest that CTCF plays important role in
organizing higher order chromatin structures.
CTCF was ﬁrst cloned almost two decades ago as a transcription
factor, which poses both activator and repressor functions (Lobanen-
kov et al., 1990). Only recently has CTCF been found to function as an
insulator protein (Bell et al., 1999; Hark et al., 2000; Kanduri et al.,
2000). In fact, later studies suggested that CTCF may be the only
enhancer-blocking protein in vertebrates, unlike in Drosophila, which
contains several different insulator proteins in its genome (West et al.,
2002). A large collection of studies suggest that CTCF has diverse
functions, including activator or repressor functions for speciﬁc genes,
enhancer blocking, X-inactivation, imprinting control, cell cycle
regulation and apoptosis (Gaszner and Felsenfeld, 2006; Ohlsson etTable 2D
Comparison between tRNA genes and 2× CTCF peaks
Chromosome Length of
chromosome (kb)
Total # of
tRNA regions
Length of
tRNA (kb)
Total #
CTCF p
Chr X 22,224 16 2762 2546
Chr 2L 22,408 30 3083 1944
Chr 2R 20,767 50 3345 1596
Chr 3L 23,719 29 3314 2801
Chr 3R 27,905 47 4201 3114
Total 118,357 172 16,825 12,101
Genomic features comparison. The total numbers of each of the two values compared were g
found within the same 1500 bp region, it is counted as found. The total number found was c
expected is given in the last column. A value of 1.0 is considered as no association. Comparal., 2001). So far no unifying hypothesis exists to explain the
apparently diverse functions of CTCF. Posttranslational modiﬁcations
and diverse binding targets could account for some of the functional
diversity of CTCF (Klenova et al., 2002). The current ChIP-chip study
and recent studies suggest that ﬂy and vertebrate CTCF recognize a
similar consensus sequence (Fig. 1D) (Holohan et al., 2007; Kim et al.,
2007). However, the Drosophila consensus is shorter than that of the
human consensus, which makes it difﬁcult to predict CTCF binding
based exclusively on consensus.
Insulators are predicted to be located between neighboring genes,
separating the regulatory activity of one gene from that of another. As
insulators work over long distances, a popular assumption is that
insulators are located in intragenic regions. However, recent studies
of the human genome suggest that CTCF binding sites are highly
biased towards genes (Kim et al., 2007). This was conﬁrmed by our
ChIP-chip study in the Drosophila genome (Table 1). In addition, the
majority of CTCF sites are located upstream of transcription start
sites. By examining the distribution of CTCF sites relative to predicted
TSS, we found about one in every three CTCF binding sites is located
within 1 kb of a TSS. This is signiﬁcantly higher than random
distribution, with an observed ration versus the predicted ratio of
1.77 (Table 1, Table 2A). This distribution pattern contrasts with that
of predicted Su(Hw) insulator protein binding sites (Ramos et al.,
2006), which does not show any bias towards promoters (Table 2B,
Fig. 4E).
Several interpretations exist to explain the strong promoter bias of
CTCF binding sites. First, this bias suggests that some of these CTCF
binding sites serve as insulators to separate closely positioned, yet
divergently transcribed genes. In one example, CTCF binds near the
APPL promoter separating it from a differentially expressed transcript
(Fig. 3A). In the second case, CTCF interacts with a region between bcd
and ama, two divergently expressed yet closely juxtaposed genes
(Figs. 3B, C). Interestingly, the human β-amyloid precursor protein
(APP) gene promoter also interacts with CTCF, which plays a direct
role in regulating APP (Burton et al., 2002; Vostrov et al., 2002). From
approximately 800 3× CTCF binding site, nearly170may belong to this
class of CTCF binding sites. This would suggest the second possibility
that the majority of CTCF sites may not be used to block the enhancereaks
#found in
tRNA regions
# of tRNA
regions
Expected #
if random
Ratio Observed/
expected
3 2 3 0.89
6 6 4 1.3
10 7 7 1.29
5 2 6 0.78
43 14 10 4.29
67 31 33 1.99
iven. The window size is 1500 bp. When both values, for example TSS and 2× CTCF, were
ompared to an expected number if the two values are unrelated. The ratio of found vs.
ison of tRNA and CTCF also reveals an association between the two.
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may function directly as an activator or repressor to control gene
expression. Examples include the human CTCF activator function for
APP (Burton et al., 2002; Vostrov et al., 2002), or the repressor
activity for myc and hTERT (Klenova et al., 1993; Lobanenkov et al.,
1990; Ohlsson et al., 2001; Renaud et al., 2005). Although no example
has been reported in Drosophila, we expect that the strong bias of
CTCF binding to promoter regions suggests that such a regulatory
function exists.
A third possible function of CTCF at gene promoters is to regulate
speciﬁc chromatin structures within the control region of a gene. The
Abd-B locus serves as a good example, where CTCF interacts with
multiple sites within the regulatory region (Fig. 1A) (Holohan et al.,
2007). Finally, the function of the CTCF binding sitesmay be structural,
i.e. CTCF targets a gene promoter to sub nuclear compartments
(Yusufzai et al., 2004), such that the promoters of these genes could be
precisely regulated. In the Abd-B locus, the location of CTCF may
suggest such a scenario. Strong CTCF binding is found near the Abd-Bm
promoter (Fig. 1A) (Holohan et al., 2007), but these sites did not
function as insulators in enhancer blocking assays (Fig. 2). If CTCF
were to organize spatial loops in this locus, the spatial proximity of
these four CTCF binding sites would help bring together the Abd-B
promoter and different boundary elements. This would allow efﬁcient
regulation of the promoter by PRE elements that are located just next
to these boundaries (Hagstrom et al., 1997; Holohan et al., 2007;
Mihaly et al., 1998). Recent studies have provided evidence consistent
with this model (Cleard et al., 2006; Lanzuolo et al., 2007).
More potential examples are found in noncoding RNA promoters,
especially tRNA genes, where CTCF binding is often found. As yeast
tRNA and 5SRNA are tethered to the nucleolus (Thompson et al.,
2003), no reports are available on the subnuclear locations of
metazoan tRNA and 5SRNA genes. Yet, vertebrate CTCF is known to
tether DNA to the nucleolus (Yusufzai et al., 2004), the binding of CTCF
to these genes suggests that CTCF may bring these genes to similar
locations for early processing (Bertrand et al., 1998). This possibility
will be tested in a following study.
Whether CTCF functions strictly as an insulator protein as a
constituent of a domain boundary element, as a direct regulator of
transcription, or as an organizer of large scale chromatin loops, it
appears to play different roles from other insulator proteins such as Su
(Hw), which, unlike CTCF, does not show a bias towards gene
promoters. The functional differences, if proven to be true, would
reveal the regulatory complexity of the 3-D organization of the
genome.
Materials and methods
Antibody production
The terminal 158 amino acid open reading frame of Drosophila
CTCF (accession AAL78208) was cloned into a pDEST15 vector
(Invitrogen) and expressed according to manufacturer's speciﬁca-
tions. Resulting pellets from 100 mL LB cultures were resuspended in
6mL of STE buffer (10mMTris, pH 8.0,150mMNaCl,1mMEDTA), and
incubated on ice for 15 min. DTT was added to a ﬁnal concentration of
5 mM, followed by 2 tablets of protease inhibitor cocktail (Roche
Molecular Biochemicals), and 100 μg/mL of lysozyme. Sarkosyl was
then added to a ﬁnal concentration of 1.5%, before sonication and
centrifugation (10,000 ×g) for 5 min to clarify the lysate. Triton X-100
was then added to a ﬁnal concentration of 2% before adding lysate to
pre-equilibrated Glutathione Sepharose 4B resin according to manu-
facturer's instructions (Amersham Biosciences). The column was
washed repeatedly with ice-cold PBS (8.4 mM Na2HPO4, 1.9 mM
NaH2PO4, pH 7.4, 150 mM NaCl). Protein was eluted with 1.5 mL of
elution buffer (1 mM EGTA, pH 8.0, 100 mM KCl, 50 mM Tris–HCl, pH
8.0, 0.5 mM DTT, 20 mM reduced glutathione, 1 mM PMSF). Fractionswere collected and assayed for protein molecular weight/purity. The
eluted protein was then dialyzed against PBS and concentrated to
1 mg/mL using a spin column (Pierce). Antigens were either injected
into pre-screened rabbits (Covance Research Products) or used to
generate monoclonal antibodies (The Wistar Institute Hybridoma
Facility).
Chromatin immunoprecipitation
Chromatin was prepared as previously described (Breiling et al.,
2004) with the following exceptions. Cell lysates (1mL per tube) were
sonicated using Sonic Dismembrator, Model 100 (Fisher Scientiﬁc) in
the presence of 0.25 mL of glass beads). Microcentrifuge tubes were
situated in circulating ice/water baths and sonicated according to the
following conditions: 5 cycles×30 s on, 45 s off. Following sonication,
sample chromatin was diluted 4× in dilution buffer (10 mM Tris–HCl,
pH 8.0, 0.5 mM EGTA, 1% Triton X-100, 140 mM NaCl, 1 mM PMSF,
protease inhibitors leupeptin, aprotinin, pepstatin A, each at a ﬁnal
concentration of 2 μg/mL), distributed in 600 μL aliquots, and used
directly for immunoprecipitation (or stored at −80 °C). ChIP was
performed by adding either 5 μL anti-CTCF serum, 5 μL pre-immune
serum from the same rabbit, or mock antibody to prepared chromatin,
pre-cleared with 20 μL of protein A agarose beads (Upstate
biotechnology). Chromatin was further processed as described
(Breiling et al., 2004). A pre-cleared aliquot with no addition of
antibody was served as the input control, and was processed similarly.
Chromatin ampliﬁcation
Processed ChIP samples (resuspended in 30 μL sterile water) or
20 ng of input DNA (in sterile water) were ﬁrst treated to repair
sheared ends using End-It DNA Repair Kit (Epicentre Biotechnologies)
according to manufacturer's instructions. Following heat inactivation
of the end repair enzyme (70 °C, 20 min), each reaction was divided
into 2×25 μL samples, labeled A and B. To the A sample, the following
adaptor was ligated: BamHI/SmaI (5′-GATCCCCCGGG-3′/3′-
GGGGCCCp-5′). To the B sample, the following adaptor was ligated:
BglII/NotI (5′-GATCTGCGGCCGC/3′-ACGCCGGCp-5′). Adaptors were
ligated overnight at 16 °C using 400 U T4 DNA ligase. The T4 DNA
ligase was then heat inactivated at 70 °C, 20 min, and samples A and B
were then re-combined. DNA was puriﬁed using a Qiaquick PCR
puriﬁcation column (Qiagen), and eluted in 30 μL elution buffer.
Puriﬁed DNAwas then concatemerized by ligating fragments contain-
ing compatible (BamHI/BglII) overhangs for 6 h at 37 °C using T4 DNA
ligase, after which the enzyme was inactivated at 70 °C, 20 min. The
DNA was then EtOH precipitated and dissolved in 1 μL of sterile,
distilled water. DNA ampliﬁcation was achieved using a GenomiPhi
DNA ampliﬁcation kit (Amersham Biosciences) and manufacturer's
protocol. Following ampliﬁcation, DNA was digested with Not I to
produce 200–500 bp fragments. DNA was then puriﬁed and assayed
for quality according to speciﬁcations by NimbleGen Systems, Inc.
Insulator assay in transfected Drosophila S3 cells
2XR, an RFP/GFP dual ﬂuorescence vector, was a gift kindly
supplied by Dr. Haini Cai from University of Georgia at Athens. This
vector was modiﬁed as follows: the metallothionein enhancer
between DsRed and EGFP genes was replaced by an EcoRI/Not 1
double digest, with the 2xPE enhancer from the 2xPE-IAB5 construct
(previously described). Different DNA elements were inserted at the
Not 1 site between the 2xPE enhancer and EGFP gene tomake RPLG or
RPLDG constructs, respectively. S3 cells were cultured and transfected
in HyQ-SFX insect medium (Hyclone) supplemented with 0.5× Pen–
Strep. One microliter of 5×105 cells/mL was seeded per well using a
12-well plate for each transfection. One microgram of DNA construct
and 2.5 μL of Cellfectin (Invitrogen) were separately diluted into
100 μL of media, shortly incubated for 10 min, then mixed and
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subsequently loaded with DNA/Cellfectin mix and 800 μL media, and
incubated at 25 °C for 5 h. Finally, the transfection cocktail was
replaced with 2mL of media, and the ﬂuorescence signal was assessed
after 24 h incubation at 25 °C, using an inverted microscope. A 500 bp
CTCF sequence was ampliﬁed with T7 promoter-tailed primers (Fwd:
T7-AGACTACGCCCAAGAAGCAA; Rev: T7-CTTGTCGGCATTCTCATCCT),
then transcribed using an in vitro RNA transcription kit (Ambion
MEGAscript T7 kit).
Electrophoretic Mobility Shift Assay (EMSA)
EMSAs were carried out using a LightShift Chemiluminescent
EMSA Kit (Pierce), essentially according to manufacturer's protocol.
Full-length CTCF protein was produced in baculovirus (Wistar Protein
Expression Facility) and used at concentrations of either 1 μg or 3 μg
per reaction. Reactions were carried out in 20 μL containing 50 ng/μL
Poly (dI–dC), 2.5% glycerol, 5mMMgCl2 0.05% NP-40,1.5mMDTT, and
0.1 mM ZnSO4.
Bioinfomatic analyses
Comparison statistics
1×, 2×, and 3× CTCF binding regions, exons, transcription start
sites (TSS), other protein binding data and various genomic features
were gathered from our experiments, FlyBase, and other publications
and converted to genomic intervals (chrom, start, stop). These sets of
genomic intervals were indexed in such a way as to allow rapid scale-
sensitive range querying. Range queries are run when creating input
for LWGV, a genome viewer that renders a web page given a
description of the tracks (Fig. 3). The indexing also allows histograms
to be calculated quickly when moving a sliding window over the
genome or regions of interest. Analysis tools were written to help
explore relationships between data sets. One such tool, stack features,
loops over all query features, e.g., all TSS sites, and searches for target
features within a given window. Target features within the query
windows are converted to intervals relative to the TSS. These target
features are displayed as histograms using LWGV (Fig. 4E).
The genomic coordinates of 5′ end, exon, intron, 3′ end and
intergenic regions were calculated based on Drosophila genome
2006 assembly downloaded from UCSC (http://genome.ucsc.edu).
We deﬁned the 5′ end region as the region that covers the ﬁrst exon
and 500 bps upstream of the ﬁrst exon. We deﬁned the 3′ end
region as the last exon of the transcript. We calculated the
distribution of CTCF binding sites within each genomic region
described above by counting the number of CTCF binding sites
overlapping with each region.
Comparison statistics were obtained only when CTCF sites were
bound to the examined region (i.e TSS, 3′, exon, intron, intergenic).
Obtained statistics were as follows: number of CTCF sites overlapping
with ﬁrst exons; total number of non-overlapping 500 bp windows in
ﬁrst-exon regions which overlap with CTCF sites; number of CTCF sites
overlapping with introns; total number of non-overlapping 500 bp
windows in intronic regions which overlap with CTCF sites.
CTCF motif
The Drosophila CTCF bindingmotif was identiﬁed by examining the
results of the ChIP-chip experiment performed using a Drosophila
genome tiling array from NimbleGen. The NimbleGen analysis yielded
a large number of potential CTCF binding sites (12,433 peaks). The
sites were ranked by false discovery rate (FDR), and the genome
sequences corresponding to those sites with an FDR equal to 0 (1061
peaks) were examined for conserved patterns to determine an initial
pool of potential CTCF binding motifs. The sequence data were from
the Release 4 (Apr. 2004, UCSC version dm2) assembly of the Droso-
phila genome (UCSD GoldenPath Server). The discriminating matrixenumerator (DME) algorithm by Smith et al. (2005) was used to
identify a CTCF-binding site that best distinguishes the CTCF-binding
sites from their adjacent control sequences (as described by (Kim et
al., 2007; Smith et al., 2005). The Drosophila CTCFmotifs spanning 8 to
15 base pairs were evaluated over all of the 12,433 sites using the
motifclass program from the CREAD package (Smith et al., 2005,
2006). The top ranking motif with respect to relative error rate is the
width=11 motif. The eleven-residue Drosophila CTCF motif corre-
sponds to a subset of the twenty-residue human CTCF sequence
described recently, and is similar to a recent ChIP-chip study of the
ADH and BXC regions (Holohan et al., 2007; Kim et al., 2007).
For all CTCF bound sites associated with Known TSS, 200 bp
sequences around the CTCF sites were analyzed for CTCF motif
search. Sequences were obtained using Drosophila 2006 assembly
and nibFrag obtained from (http://www.soe.ucsc.edu∼kent/src/
unzipped/utils/nibFrag/). In the process of ﬁnding the CTCF motif,
position weight matrix (PWM) obtained from http://www.
plosgenetics.org/article/info:doi%2F10.1371%2Fjournal.pgen.0030112;
jsessionid=383153B5DBDF7F4A132C36F13FB24737 was used with
core cutoff 0.80 and matrix cutoff 0.65 [1]. Motif position with the
highest core score within the 200 bp window was considered for
calculating the distance between CTCF bound position and CTCF
motif position, as well as the distance between CTCF bound TSS
and the next closest upstream TSS.
Genome wide CTCF density for each chromosome arm
For the purpose of checking the density distribution of CTCF sites
along each chromosome arm, the following procedure was applied.
The number of CTCF bound sites (score) falling within a non-
overlapping 100,000 bp windowwas calculated for each chromosome
arm. For each window, the middle of the window was taken as the
position to report the score. Background random distribution was
obtained using the same number of sites distributed randomly
throughout each chromosome and calculating the score as in the
real case. Subsequently, the same procedure was used to obtain the
number of genes in each window in the corresponding chromosomes.
Distance distribution of CTCF associated/non-associated TSS to closest
upstream TSS
In the ﬁrst instance, the closest distances between each CTCF
bound TSS to the next upstream TSSwere obtained. Secondly, with the
exception of those CTCF involved TSS pairs, all other TSS pairs were
obtained from the genome as non-CTCF associated cases. Finally, the
same number of non-CTCF associated TSS pairs were obtained
randomly from the above cases for comparison with the CTCF-
associated cases.
Global CTCF sites distribution around known TSS
For each known TSS site, a window of 2000 bps upstream and
3000 bps downstream was considered in order to obtain the CTCF-
bound site distribution around known TSS. A 500 bp window with
50 bp sliding was used to obtain a CTCF score (a simple count of the
number of CTCF sites within the 500 bp window). Reported score
coordinates were those in the middle of each window. To get the
average score for each window, all the scores were added for each
correspondingwindowanddivided by the number of cases considered.
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